After the early 3'R,4'R absolute configuration (AC) assignment of (+)-cis-khellactone (1) by chemical correlation with known compounds [8] , the AC of khellactone derivatives has been assigned by optical rotation comparison of its hydrolysis products. However, epimerization at C4' during alkaline or acid hydrolysis and overlapping of cis and trans scalar coupling constant values in the natural esters [9] can complicate the AC assignment. Recently, two approaches for the AC assignment of angular-type pyranocoumarins were reported. In the first one [10] , structures were determined by NMR and X-ray crystallography, and the AC was elucidated by either chiral separation of their alkaline hydrolysis products, or by electronic circular dichroism (ECD) measurement. However, no systematic relationship between the ECD curves and the AC for the natural products was found. Although several times it is mentioned that the AC of the natural coumarins was confirmed by X-ray crystallographic using Mo K radiation, the used methodology was not detailed. Thus, these X-ray studies only show the relative stereochemistry. In the second approach [11] , a methodology combining enzymatic hydrolysis with chiral LC-MS/MS analysis and comparison with known compounds was developed. However, inconsistencies between the 1 H NMR data for 3',4'-di-Oangeloylkhellactone [4] and 3'-O-acetyl-4'-O-angeloylkhellactone [9] , and between the optical activity described for cis-khellactone and reported values [12] [13] [14] , can be observed. Furthermore, (3'R,4'R)-di-O-acetylkhellactone (2) was obtained by acetylation of (3'R,4'R)-khellactone [15, 16] . This compound was isolated from Nature [17] , assigned the 3'R,4'R AC without reporting a specific rotation, and named qianhucoumarin D according to the previously known 3'S,4'S enantiomer [18] .
We isolated (S)-(+)-4-O-angeloyl-5-O-methylvisamminol and (S)-(+)-4-O-senecioyl-5-O-methylvisamminol, together with the coumarins jatamansin, buchtormin, isopteryxin, isosamidin, psoralen, and bergapten from the roots of Prionosciadium thapsoides [19] . The AC of visamminol derivatives was established as S by vibrational circular dichroism (VCD) spectroscopy by comparison with DFT calculations. Later, a chemical investigation of the seeds from this plant led to a complex mixture of lomatin C-3' esters, which was hydrolyzed and re-esterified to generate a series of lomatin esters [20] . Literature data revealed some of them as having positive specific rotations, while others show negative values, and therefore their 3'R AC was determined by vibrational circular dichroism exciton chirality (VCDEC) in the infrared region.
In continuation of our structural analysis studies of natural compounds, the 3'R,4'R AC of ()-2, ()-3, ()-4, and ()-5, isolated from EtOAc extracts of aerial parts of P. thapsoides, was achieved using the VCDEC approach, which was recently described and applied for molecules containing two carbonyl groups [21] . Since compounds 2-5 have three carbonyl groups and show a pair of VCD signals with opposite signs at the carbonyl group VCD region, they are suitable candidates for AC assignment using VCDEC [21] [22] [23] [24] [25] . The 3'R,4'R AC of ()-2, ()-3, ()-4, and ()-5 assigned by VCDEC was confirmed by calculations at the DFT B3LYP/DGDZVP level of theory, and by determination of X-ray Flack and Hooft parameters of 3. Column chromatography of the EtOAc extracts of Prionosciadium thapsoides led to the isolation of the simple prenylated chromone peucenin 7-methyl ether [26] , the monoesterified coumarin jatamansin [20, 27] [19] . All compounds were identified by NMR spectroscopic techniques including HSQC, and HMBC, and by comparison of their spectroscopic data with those described.
The VCD spectra of ()-2, ()-3, ()-4, and ()-5 show a strong bisignate signal in the carbonyl stretching region (Figures 1-4 , Table 1 ), with a negative-positive couplet from lower to higher wave number. To avoid the need of explaining each time the signs order of a bisignated couplet, we herein define, in analogy to Cotton effects in ECD spectra, the VCD couplets. Thus, a positive VCDEC is when from lower to higher wave number, that is from the right hand side of the spectrum to the left hand side, the signal is initially positive and then becomes negative; of course, for a negative VCDEC the reverse situation holds. As known [21] , in VCDEC the Harada-Nakanishi rule is followed, and the sign of this split-type VCD signal reflects the AC of the molecule. Thus, when the carbonyl groups are counterclockwise oriented, the longwavelength component of the associated exciton couplet can be expected to exhibit a negative Cotton effect, while when they are clockwise oriented, the long-wavelength Cotton effect is positive. Since coumarins 2-5 have two stereogenic centers and three carbonyl groups, the question is, what about the relative orientation of the three carbonyl groups? To answer this point we constructed two molecular models of (3'R,4'R)-2 in which the C3'-H and C1''=O, and the C4'-H and C1'''=O bonds (for clarity carbonyl carbon atoms from the esters at C3' and C4' are named C'' and C''', respectively) were placed syn, as observed previously [20, 21] . In the first molecular model, the C3'-C4'-C7-C8 dihedral angle was 19°, while in the second model it was 22°. Each model was subjected, without restrictions, to a Monte Carlo conformational search at the MMFF94 level of theory, and the resulting conformers in a 10 kcal/mol energy window were submitted to single point energy calculation using DFT and the B3LYP/6-31G* functional and basis set. After single point calculations, two conformers were observed in a 0.72 kcal/mol energy window for 2 (Table 2) ; the third conformer has a relative energy of 6.14 kcal/mol and is not contributing to the conformational population. The most stable DFT B3LYP/6-31G* conformation ( Figure 5 ), contributing with 62.7% of the conformational population, shows the C2=O and C1''=O, the C2=O and C1'''=O, and the C1''=O and C1'''=O in counterclockwise orientations. The less stable conformer, contributing with 37.3%, shows the C2=O and C1''=O, and the C2=O and C1'''=O in counterclockwise orientations, while the C1''=O and C1'''=O have the clockwise orientation. Therefore, according to the Harada-Nakanishi rule, we concluded that the AC of 2 is 3'R,4'R.
In order to confirm this AC assignment, we calculated the IR and VCD spectra [31] of 2. After single point energy calculations, all conformers were subjected to complete geometry optimization at the DFT B3LYP/DGDZVP level, followed by thermochemical parameters and IR and VCD frequency calculations at 298 K and 1 atm. Experimental and computed VCD frequencies were compared (Figures 1) and showed good similarity. The DFT B3LYP/DGDZVP interchromophoric distance and the relative carbonyl groups orientation of the most stable conformers for 2 are shown in Table 3 . Rotational strength (R) is a parameter representing the sign and intensity of the VCD signal. As expected, the parameter shows no uniform sign for the conformers. In order to appreciate the contribution of each R, absorption frequencies and conformational weights were taken into account. Table 4 shows frequencies and R values in the carbonyl stretching region for the two most stable conformers of 2.
The above procedure was followed for molecular models of In an independent and complementary approach for the AC assignment, a single crystal X-ray diffraction study of ()-3 was undertaken. A crystal was mounted on a diffractrometer equipped with Cu K graphite monochromated radiation and a large charge coupled device detector. Compound 3 crystallized in the monoclinic system, space group P2 1 . The molecular structure ( Figure 6 ) was solved by direct methods and refined to a discrepancy index of 5.2%. The complete sphere data set was used to calculate the Flack parameter [32] , which for the 3'R,4'R enantiomer was x = (2), and the Hooft parameter [33] , which was y = . The Flack and Hooft parameters for the S enantiomer were x = 1.0(2) and y = 0.93 (7) , respectively, from where it again follows that the AC of ()-4'-O-acetyl-3'-O-angeloylkhellactone is 3'R,4'R, in agreement with the VCDEC results.
In summary, the 3'R,4'R absolute configuration of angular-type pyranocoumarins ()-2, ()-3, ()-4, and ()-5 was assigned using the vibrational circular dichroism exciton chirality approach, and confirmed by both VCD calculations at the DFT B3LYP/DGDZVP level of theory, and by X-ray Flack and Hooft parameters evaluation for (3'R,4'R)-3. It follows that AC assignments based on optical rotation measurements is risky.
Experimental

General experimental procedures:
All NMR spectra were acquired in CDCl 3 solutions on a Varian System 500 (125 MHz for 13 C) spectrometer at 298 K. Optical rotations were determined in CHCl 3 using Perkin Elmer 341 and Jasco DIP-370 polarimeters at 298 K. Column chromatographic (CC) separations were carried out on Natland silica gel 60 (200-300 Mesh ASTM). CC separations were monitored with Merck silica gel 60 F 254 TLC plates. Visualization was achieved at 254 nm, and by using ceric sulfate and heating. 
Isolation of natural compounds:
The air-dried aerial parts of P. thapsoides (2.2 kg) were extracted with EtOAc at room temperature for a week; the process was repeated twice more to give a dark viscous oil, which was dissolved in acetone, kept at 4°C for 12 h, and filtered to remove fatty materials. The filtrate was evaporated under vacuum to afford 30 g of defatted extract, which Figure 6 : Perspective view of the X-ray crystal structure of 3. Table 3 : Interchromophoric distance and twist of the carbonyl groups orientation of the most stable conformers of (3'R,4'R) 2-5. R1, measured from the center of C2=O and C1''=O; R2, measured from the center of C2=O and C1'''=O; R3, measured from the center of C1''=O and C1'''=O. 1, twist of C2=O and C1''=O; 2, twist of C2=O and C1'''=O; 3, twist of C1''=O and C1'''=O. was chromatographed over silica-gel (mesh 300-400) using hexanes, a hexanes: EtOAc gradient (4:1, 1:1), and EtOAc as eluents. Fractions of 1.5 L of each polarity were collected, monitored by TLC, and identified as A (10.0 g), B (1.0 g), C (7.0 g), and D (8.0 g). The 1 H NMR spectrum of fraction A mainly showed fatty material. Rechromatography of fraction B using a hexanes: EtOAc gradient gave peucenin 7-methyl ether (7 mg), and jatamansin (6.8 mg). In turn, rechromatography of fraction C (3. [11] ). 1 H and 13 C NMR data were essentially identical with those reported [34] .
3'-O-Acetyl-4'-O-isobutyroylkhellactone (4)
Colorless oil.
[] D : 2.0 (c 0.2, CHCl 3 ), ([] D : 8.9, CHCl 3 [15] ). 1 H and 13 C NMR data corresponded to those reported [15] . VCD measurements: VCD spectra were measured on a dual PEM BioTools ChiralIR2X FT-VCD spectrophotometer operated at a resolution of 4 cm -1 . Deuterochloroform 0.06, 0.06, 0.06, and 0.05 M solutions of 2-5, respectively, were used for carbonyl couplet measurements; while 0.09, 0.10, 0.10, and 0.08 M solutions of 2-5, respectively, were used for the 950-1650 cm 1 measurements. Each solution was placed in a BaF 2 cell with a pathlength of 75 m. For the carbonyl couplet and the 950-1650 cm 1 measurements, 5 and 7 1 h blocks were added, respectively. The base line was provided by subtracting the spectrum of the solvent acquired under the same conditions. The stability of 2-5 was monitored by 1 H NMR immediately prior to and after the VCD measurement. (3) : Suitable crystals were obtained by slow evaporation of an EtOAc/hexanes solution. The data were collected on an Agilent Xcalibur Atlas Gemini diffractometer using the enhanced Cu K X-ray source radiation ( = 1.54184 Å) at 293 (2) K in the  scan mode. Unit cell refinements using a 7723 machine detected reflections were made with the CrysAlisPro, Agilent Technologies, Version 1.171.34.49 software. Crystal data were C 21 H 22 O 7 , M = 386.39, monoclinic, space group P2 1 , a = 9.5968(4) Å, b = 14.9215(7) Å, c = 14.1201(7) Å,  = 94.182(3) deg., V = 2016.6(2) Å, Z = 2, Z' = 2,  = 1.27 mg/mm 3 , (Cu Ka) = 0.799 mm 1 , total reflections = 30649, unique reflections 8003 (R int 0.026%), observed reflections 5912. The structure was solved by direct methods using the SHELXS-97 program included in the WingGX v1.70.01 crystallographic software package. For structural refinement, the non-hydrogen atoms were treated anisotropically, and the hydrogen atoms included in the structure factor calculation were refined isotropically. The R indices were [I > 2(I)] R 1 = 5.21% and wR 2 = 14.36%. The largest difference peak and hole were 0.382 and 0.288 eÅ 3 . The Olex2 v1.15 software allowed the calculation of the Flack parameter as x = 0.0(2) and the Hooft parameter as y =  (7) . For the inverted structure these parameters were x = 1.0(2) and y = 0.93 (7) , respectively. Crystallographic data (excluding structure factors) have been deposited under number 1030989 at the Cambridge Crystallographic Data Centre. Copies of the data can be obtained free of charge on application to the CCDC, 12 Union Road, Cambridge CB2 IEZ, UK. Fax: +44 (0)1223 336033 or e-mail: deposit@ccdc.cam.ac.ik.
Single crystal X-ray study of (3'R,4'R)-4'-O-acetyl-3'-Oangeloylkhellactone
